Leaf nitrogen (N) and phosphorus (P) concentrations are critical for photosynthesis, growth, reproduction and other ecological processes of plants. Previous studies on large-scale biogeographic patterns of leaf N and P stoichiometric relationships were mostly conducted using data pooled across taxa, while family/genus-level analyses are rarely reported. Here, we examined global patterns of family-specific leaf N and P stoichiometry using a global data set of 12,716 paired leaf N and P records which includes 204 families, 1,305 genera, and 3,420 species. After determining the minimum size of samples (i.e., 35 records), we analyzed leaf N and P concentrations, N:P ratios and N~P scaling relationships of plants for 62 families with 11,440 records. The numeric values of leaf N and P stoichiometry varied significantly across families and showed diverse trends along gradients of mean annual temperature (MAT) and mean annual precipitation (MAP). The leaf N and P concentrations and N:P ratios of 62 families ranged from 6.11 to 30.30 mg g -1 , 0.27 to 2.17 mg g -1 , and 10.20 to 35.40, respectively. Approximately 1/3-1/2 of the families (22-35 of 62) showed a decrease in leaf N and P concentrations and N:P ratios with increasing MAT or MAP, while the remainder either did not show a significant trend or presented the opposite pattern. Family-specific leaf N~P scaling exponents did not converge to a certain empirical value, with a range of 0.307-0.991 for 54 out of 62 families which indicated a significant N~P scaling relationship. Our results for the first time revealed large variation in the family-level leaf N and P stoichiometry of global terrestrial plants and that the stoichiometric relationships for at least one-third of the families were not consistent with the global trends reported previously. The numeric values of the family-specific leaf N and P stoichiometry documented in the current study provide critical synthetic parameters for biogeographic modeling and for further studies on the physiological and ecological mechanisms underlying the nutrient use strategies of plants from different phylogenetic taxa.
INTRODUCTION
Nitrogen (N) and phosphorus (P) are essential components of the basic cell structure of higher plants and play pivotal roles in the synthesis and transformation of protein and nucleic acids (Garten, 1976) . N and P concentrations and their stoichiometric balances in leaves determine photosynthesis, growth, and reproduction and other functional traits of plants and further influence soil-plant nutrient cycling, community dynamics, vegetation productivity and ecosystem succession (Asner et al., 1997; Reich et al., 2009; Sullivan et al., 2014; Tang et al., 2018) .
As key properties of the leaf economic spectrum (LES), leaf N and P concentrations generally show a strong correlation in their biochemical functioning (Wright et al., 2004; Ågren, 2008) . Previous studies have identified broad-scale leaf N and P stoichiometric patterns and proposed several hypotheses in their exploration of nutrient stoichiometry from regional to global scales. For example, Reich and Oleksyn (2004) generalized the global patterns of terrestrial plant leaf N and P stoichiometry across latitudinal and temperature gradients (e.g., leaf N and P increase from the tropics to the midlatitudes and remain stable or decrease at higher latitudes, and N:P ratios increase with temperature) and tested temperature-plant physiological hypotheses and biogeochemical hypotheses. Using data from terrestrial plants across the country, Han et al. (2005) reported that the overall leaf N:P ratios of China's flora were higher than the global averages, even though leaf N and P showed consistent trends along latitudinal or temperature gradients, which was probably a result of limited soil P availability in China, according to the soil substrate age hypothesis (Carnicer et al., 2015) . At the regional level, specific species (e.g., Picea abies and species in genus Artemisia) also showed divergent geographic patterns along latitudinal (i.e., temperature), longitudinal (i.e., precipitation), and altitudinal gradients (Kang et al., 2011; Yang et al., 2015) . In terms of different growth forms, the relative growth rate hypothesis (GRH) has attracted tremendous interest and has been prevalently used to explain the variation in elemental stoichiometry across growth forms (Chapin III et al., 1986; Sterner and Elser, 2002; Tian et al., 2018) . For example, compared to herbaceous plants, woody plants generally show lower N and P concentrations due to their slower growth rates and effective physiological strategies for nutrient conservation (McGroddy et al., 2004; Elser et al., 2010) .
Leaf N~P scaling relationship and N:P ratio are two parameters of the coupling relationships between leaf N and P concentrations. The former can be quantified via a stoichiometric scaling relationship described by a power function as N=βP α , where α and β represent the scaling exponent and the intercept (i.e., normalization constant) of the log-log linear leaf N concentration vs. P concentration regression curve, respectively (Wright et al., 2004; Niklas, 2006; Tian et al., 2018) . When α equals 1, the numeric value of β is the leaf N:P ratio (i.e., the isometric scaling relationship). Alternatively, α<1 indicates a faster change in leaf P concentration in proportion to leaf N concentration, while α>1 indicates the opposite case (McGroddy et al., 2004; Kerkhoff et al., 2006) . The leaf N~P scaling relationship is often interpreted as plants' physiological strategies resulting from their evolutionary adaptation to environmental nutrient availabilities, although the underlying mechanisms remain unclear. For example, the 2/3 and 3/4 power laws obtained from pooled data have been used as important plant functional traits and parameters of ecological theories and predictive models (Wright et al., 2005; Allen and Gillooly, 2009; Elser et al., 2010; Carnicer et al., 2015; Tang et al., 2018) .
The leaf N:P ratio has been widely interpreted as indicators of limitations in the relative availabilities of environmental N and P. Despite their limitations and potential high risks (Yan et al., 2017) , the empirical values of leaf N:P ratios proposed in previous studies at the community level are commonly used as thresholds for determining N or P deficiency; namely, N:P ratios <14 and >16 or <10 and >20 were used as thresholds for assessing N and P limitation, respectively (Koerselman and Meuleman, 1996; Güsewell, 2004) .
Overall, previous studies mainly focused on the large-scale patterns of leaf N and P stoichiometric relationships along gradients of geographic and climatic factors (Reich and Oleksyn, 2004; Wright et al., 2004; Chen et al., 2013; Hao et al., 2015; Zhang et al., 2018) . However, whether these general leaf N and P stoichiometric relationships resulted from global pooled data hold true at specific spatial scales or at different taxonomical groups and can be used as constant plant traits in related models has attracted researchers' attention (Messier et al., 2017; Tian et al., 2018) . Leaf N and P stoichiometric relationships across different growth forms, life history, photosynthesis pathways and other functional types have been largely explored (McGroddy et al., 2004; Wright et al., 2004; Han et al., 2005; Reich et al., 2010; Guo et al., 2017) . For example, our recent study demonstrated that the leaf N and P scaling exponent varies considerably across functional groups, latitudinal zones, ecological biomes and specific sites (Tian et al., 2018) , which was consistent with the argument of Messier et al. (2017) that the leaf economic spectrum may not hold or may show large variation at smaller scales. Nevertheless, how leaf N and P stoichiometry varies across specific phylogenetic lineages remains unclear.
Regarding the phylogenetic lineages, some researchers have detected phylogenetic signals in leaf N and P stoichiometry (e.g., Thompson et al., 1997; Kerkhoff et al., 2006; Peñuelas et al., 2010) , especially at the family and subfamily levels (Zhang et al., 2012; Hao et al., 2015) . These phylogenetic signals may provide an alternative approach with which to verify previous hypotheses on leaf N and P stoichiometric relationships at the family level (White et al., 2012; Zhang et al., 2012) , which also has the potential to produce detailed parameters necessary for plant physiological and ecosystem functioning predictive models in macroecology and biogeography (Sterner and Elser, 2002; Osnas et al., 2013; He et al., 2018; Tang et al., 2018) . However, to date, no comprehensive study considering leaf N and P stoichiometric relationships at the family level has been conducted.
The present study aims to fill these gaps by providing the largest global data set of paired leaf N and P concentration records and examining the family-level leaf N and P stoichiometric relationships of terrestrial plants and their possible linkage with climatic factors. Specifically, we aim to answer the following questions: (i) Are there any patterns in the family-specific leaf N and P stoichiometric relationships of terrestrial plants? (ii) How do these patterns change along gradients of temperature and precipitation? (iii) Do familyspecific leaf N~P scaling exponents converge to an empirical value (i.e., does the global leaf N~P scaling exponent hold at the family level)?
RESULTS

Leaf N and P stoichiometry at the family level
The geometric means of the N and P concentrations and N:P ratios of 62 families with more than 35 individual records ranged from 6.11 to 30.30 mg g -1 , from 0.27 to 2.17 mg g -1 ,
and from 10.2 to 35.4, respectively (Table 1) . Specifically, the leaf N and P concentrations of Proteaceae were the lowest, while leaf N and P concentrations of Elaeagnaceae and Umbelliferae were the highest, respectively, among 62 families. The leaf N concentrations of Gleicheniaceae, Myrtaceae, Cupressaceae, Theaceae and Pinaceae were lower than those of the other families, primarily ranging from c. 10.08 to 13.52 mg g -1 . In contrast, the leaf N con- ). In addition, the leaf N:P ratios of Cupressaceae, Pinaceae, Plantaginaceae, Umbelliferae, Compositae, Salicaceae, Aceraceae, and Labiatae were relatively low (ranging from 10.5 to 12.2), while the N:P ratios of Symplocaceae, Melastomataceae, Proteaceae, Leguminosae, Burseraceae, Gleicheniaceae, Sapotaceae, Lecythidaceae, and Myricaceae were relatively high (ranging from 22.2 to 35.4).
Biogeographic patterns of leaf N and P stoichiometry at the family level
When data of all 62 families were pooled together, leaf N and P concentrations showed a general decrease and N:P ratios tended to increase as MAT and MAP increased ( Figure 1 ). The N and P concentrations and N:P ratios of the 62 families showed divergent biogeographic patterns along a gradient of MAT and MAP, respectively (Table S1 in Supporting Information, Figure 1 ). Specifically, the leaf N concentration declined in 33 families and increased in 4 families with increasing MAT, declined in 22 families and increased in 8 families with increasing MAP. Leaf N concentration did not change significantly in 25 and 32 families with an increase in MAT and MAP, respectively. The leaf P concentration declined in 28 families and increased in 3 families with increasing MAT, declined in 35 families and increased in 7 families with increasing MAP, and did not change significantly in 31 and 20 families with an increase in MAT and MAP, respectively. The leaf N:P ratio increased in 29 families and decreased in 3 families with increasing MAT, declined in 24 families and increased in 2 families with increasing MAP, and did not change significantly in 30 and 36 families with an increase in MAT and MAP, respectively. In other words, approximately 1/3-1/2 of families (22-35 of 62) showed a decrease in leaf N and P concentrations and N: P ratios with increasing MAT or MAP, which was consistent with the global pattern reported previously (Reich and Oleksyn, 2004) , while the remainder either did not show a significant trend or presented the opposite pattern.
Leaf N~P scaling relationship at the family level
Fifty-four of the 62 families showed significant leaf N and P scaling relationships (Table 1, Table S2 in Supporting Information), and their scaling exponents ranged from 0.307 to 0.991 with a geometric mean of 0.639 (Table 1, Figure 2 ), while the other 8 families' leaf N and P concentrations were a) n represents the sample size of each family, and SE in brackets is the standard error. α RMA (95% CI) indicates the geometric mean and the corresponding 95% confidence interval (CI) of the scaling exponent from significant reduced major axis (RMA) regression between leaf N and leaf P concentrations of 54 families, i.e., log 10 leaf N=αlog 10 leaf P+log 10 β. NA indicates no significant leaf N~P scaling relationship. not statistically significantly correlated.
Moreover, when comparing the 54 families' leaf N~P scaling exponents with the empirical numeric values (i.e., 2/3 and 3/4), 25 families showed a significant difference from 2/ 3 (i.e., 15 families <2/3 and 10 families >2/3), whereas 29 families showed no significant difference from 2/3. Similarly, 31 families were significantly different from 3/4 (i.e., 28 families <3/4 and 3 families >3/4), whereas 23 families showed no significant difference from 3/4. Furthermore, 16 families' leaf N~P scaling exponents showed no significant difference from either 2/3 or 3/4 (Table S2 in Supporting Information).
DISCUSSION
Variation in family-specific leaf N and P stoichiometry
Leaf N and P concentrations and their stoichiometric relationships are closely correlated with plant growth and performance (Garten, 1976; Elser et al., 2000 Elser et al., , 2010 . Variation in leaf N and P concentrations at the family level reflects the joint influences of intrinsic genetic properties and extrinsic environmental factors (Kerkhoff et al., 2006; Ågren and Weih, 2012) . The former includes leaf morphology, leaf lifespan, leaf age, nutrient storage and allocation among tissues, plant growth rate, stoichiometric homeostasis and plasticity and other physiological processes (Chapin III et al., 1986; Elser et al., 2010; Sistla et al., 2015) , and the latter refers mainly to climatic conditions, soil physiochemical properties and nutrient availabilities (Vitousek et al., 1995; Zhang et al., 2012; Hao et al., 2015) .
Given the divergence in nutrient use strategies and specific leaf structures and metabolic functions among plant families, variation in leaf N and P stoichiometry at the family level reveals plants' adaptation to biotic and abiotic factors over the course of evolution (Delgado et al., 2014; Sardans and Peñuelas, 2014; Sardans et al., 2016) . For example, the leaf N and P concentrations of the Proteaceae, Gleicheniaceae and Myrtaceae families were relatively low and with high N: P ratios among the 62 families. Gymnosperms, including the Cupressaceae and Pinaceae families, showed lower N concentrations and N:P ratios than the other families. These results were consistent with previous studies at regional scales (e.g., Thompson et al., 1997) . In general, as most plants of these families are oligotrophic pioneer species observed in the early stage of community succession in nutrient-poor soils, they develop high tolerance of environmental stress and effective nutrient use strategies (Lambers et al., 2008; Fujita et al., 2014; Sardans et al., 2016) . In particular, the family Proteaceae, which is mainly distributed in severely P-limited environments, evolved adaptive structures and functions, such as enhanced efficiencies of P resorption, transformation and reallocation across different tissues, delayed leaf senescence and special root structures with dense clusters of rootlets and root hairs (Delgado et al., 2014; Lambers et al., 2015) . In contrast, the families Elaeagnaceae, Leguminosae and Ulmaceae show high N concentrations, partly owing to their symbiotic N-fixing microorganisms (Torrey, 1978) . Surprisingly, our data indicated that the leaf N concentration in family Elaeagnaceae was higher than that in Leguminosae, which challenges canonical paradigms and may provide some new evidence of plant-microorganism mutualistic symbiosis.
The variation in leaf N and P stoichiometry at the family level supports previous findings that leaf N and P concentrations and N:P ratios differ significantly across life forms and the GRH hypothesis: small, fast-growing herbaceous plants have higher N and P concentrations and lower N:P ratios than large, slow-growing woody plants (Sterner and Elser, 2002; Wright et al., 2005; Han et al., 2011; Tian et al., 2018) . For example, the families Polygonaceae, Zygophyllaceae, Ranunculaceae and Umbelliferae are mainly herbaceous plants, subshrubs and shrubs, and they have higher leaf N and P concentrations than other families.
Comparatively, the families Myrtaceae, Theaceae, Symplocaceae and Ericaceae, with predominately woody species, have low leaf N and P concentrations.
Our results are also in agreement with the biogeochemical niche hypothesis, which attributes the differences in plants' key structural, physiological and chemical foliar properties across taxonomic groups to their specific biogeochemical niches (Peñuelas et al., 2010) . At the global scale, boreal and temperate biomes are often demonstrated to be N-limited, while tropical ecosystems are P-limited. Hence, the leaf N and P stoichiometry of plants distributed in these environments might be directly influenced by soil nutrient availabilities (Vitousek et al., 1995; Deng et al., 2017) . For example, the families Cupressaceae and Pinaceae, which are widespread in boreal and temperate biomes, have relatively low leaf N concentrations but relatively high P concentrations, which is a result of the cold environment and soil N limitation. The high leaf P concentrations in these families provide the benefits of cold resistance and fast growth during their short growth periods (Chapin III et al., 1986) . Based on the same rationale, as the majority of the members of Myricaceae, Myrtaceae, Lecythidaceae, Sapotaceae, Symplocaceae, Melastomataceae, Theaceae, Myrsinaceae and Burseraceae are evergreen woody plants distributed in tropical and subtropical areas, their leaf P concentrations are quite low (<1.00 mg g -1 ).
Biogeographic pattern of family-level leaf N and P stoichiometry
Our result from the pooled leaf N and P concentration data of 62 families was consistent with the general biogeographic pattern, that is, leaf N and P concentrations decrease and N:P ratios increase with increasing MAT at regional-and globalscales (e.g., Reich and Oleksyn, 2004; Han et al., 2005 Han et al., , 2011 Zhang et al., 2012) . However, several studies have showed a large variation in the biogeographic patterns of family-level leaf N and P stoichiometry (Watanabe et al., 2007; Zhang et al., 2012; Yang et al., 2017) . For example, Watanabe et al. (2007) found that over 25% of the total variation in leaf elemental composition was explained by family-level taxonomy, and the remaining variation was largely attributed to climate, soils, sampling techniques and differences between species within families. Other work also reveals that plant taxonomy greatly influences biogeographic patterns of leaf N and P stoichiometry across environmental gradients (i.e., latitude, longitude, altitude, MAT, and MAP) (He et al., 2010; Zhang et al., 2012; Chen et al., 2013; Yang et al., 2015) , which might suggest that leaf N and P stoichiometry is phylogenetically conserved (Sardans and Peñuelas, 2014; Hao et al., 2015; Yang et al., 2015; Sardans et al., 2016) . Although the present study did not detect the phylogenetic signal and convergence of leaf N and P stoichiometry at the family level, it in some degree supports the phylogenetic effects on the geographic patterns of the leaf N and P stoichiometry. The leaf N concentration of approximately one-half of the families (i.e., 33 of 62 families) declined with increasing MAT, and that of less than 1/3 of the families (i.e., 22 of 62 families) decreased with increasing MAP, which was consistent with the general patterns of the data pooled from the world (Reich and Oleksyn, 2004; Han et al., 2005) . However, the other 25 and 32 families in our data set showed the opposite trends or no significant change with increasing MAT and MAP, respectively. The leaf P concentration in more than one-half of the families (35 of 62 families) declined with increasing MAP, whereas that in one-half of the families (31 of 62 families) did not change with increasing MAT. These results convinced previous findings at the regional scale that MAT and MAP had strong effects on leaf N and P concentrations. We additionally attributed some families' lack of a pattern along MAT and MAP gradients to their smaller geographic distributions and environmental gradients, such as the families Symplocaceae, Sapindaceae and Gleicheniaceae, which are widespread in tropical and subtropical areas (Table S1 in Supporting Information). Furthermore, the nonsignificant correlation might also imply that the leaf N and P stoichiometry of these families is highly conserved with low stoichiometric plasticity because of their narrow geographical and biogeochemical niches (Yu et al., 2015; Sardans et al., 2016; Guo et al., 2017) .
In particular, we found that the leaf N:P ratios of 29 and 36 families showed no trends along MAT and MAP gradients, respectively, which contradicts the general pattern reported in some previous studies that global leaf N:P ratios increased with increasing MAT (Reich and Oleksyn, 2004; Kerkhoff et al., 2006; Zhang et al., 2018) . On the other hand, our results were consistent with those of some of other studies (Han et al., 2005; Zhang et al., 2012; Yang et al., 2015) . Moreover, the variation in the slopes of the linear relationships between leaf N or P concentration and climatic factors (i.e., MAT and MAP) in our study further indicated the differences in their intrinsic stoichiometric plasticity and ecological strategies to climatic conditions across families. Although whether phylogeny (or genotype) is more important than the environment in determining leaf N and P stoichiometry remains controversy, our study suggests the importance and necessity of considering phylogenetic and taxonomic issues in plant stoichiometric studies.
Family-specific leaf N~P scaling relationships
Our results showed that the leaf N and P concentrations of most higher plants coupled significantly with scaling exponents ranging from 0.307 to 0.991, which from familylevel supported the viewpoint of inconstant leaf N~P scaling relationships claimed by Tian et al. (2018) . Moreover, the specific exponents of family-level leaf N~P scaling relationships varied substantially from those from the pooled data of all families in this study (i.e., the slope of the black line in Figure 2 ) and from the data pooled across the world by different authors (e.g., McGroddy et al., 2004; Wright et al., 2004; Kerkhoff et al., 2006; Niklas, 2006; Reich et al., 2010; Zhao et al., 2016; Tian et al., 2018) . In addition, the specific exponents of family-level leaf N~P scaling relationships were not correlated with sample size ( Figure S1A and B in Supporting Information), implying that family-level leaf N~P scaling exponents might not consequentially converge to a certain value with increasing sample size.
A 'conserved' leaf N~P scaling relationship is the key factor determining the practical application of the leaf economic spectrum (LES) (Wright et al., 2004) . For example, Price et al. (2014) examined the 'invariance' of the LES and concluded that all LES traits approached invariance within and between plant life forms, taxonomic groups and biomes. However, our results displayed inconsistency in that the leaf N~P scaling relationship varied significantly, even within the same life from. For example, the leaf N~P scaling exponents of Myricaceae and Tamaricaceae were the highest (i.e., 0.965) and the lowest (i.e., 0.307), respectively, among the 62 families, even though they were both in the woody group. Kerkhoff et al. (2006) ascribed their findings of strong phylogenetic signals and similar scaling relationships of leaf N and P concentrations to the influences of both evolutionary history and the environment factors. Nevertheless, our results presented large variation in leaf N and P stoichiometry across families of terrestrial plants, reasserting our recent statement that the canonical numerical value of the global leaf N~P scaling exponent might be the result of pooled data analysis, which hides or neglects biologically and ecologically important variation (Tian et al., 2018) . In fact, no canonical leaf N~P scaling relationship is likely to hold across all plant lineages. Here, for pooled data, the mutual offsets among families might also produce a certain numeric value that leads to misinterpretation of their inherent stoichiometric relationships. For example, as illustrated in Figure  S1A and B in Supporting Information, the leaf N~P scaling exponent generally, but not always (e.g., Compositae), approached 2/3 for families with large sample sizes (e.g., Leguminosae and Gramineae). Therefore, it remains difficult to determine whether the 2/3-power N~P scaling relationship is a result of the differences among species and individuals within the same family or the true stoichiometric pattern of the family. Clearly, statistical analysis of pooled data cannot reveal the true underlying pattern.
CONCLUSION
By establishing the largest global data set of paired leaf N and P concentrations of terrestrial plants, we analyzed leaf N and P stoichiometric patterns of 62 families with >35 sampling records. Our results demonstrated large variation in leaf N and P concentrations, N:P ratios and N~P scaling relationships across families, which added to variation in leaf N and P stoichiometry across life forms and ecological biomes reported by Tian et al. (2018) . Family-level geographical patterns of leaf N and P stoichiometric relationships along MAT and MAP gradients and inconstant N~P scaling exponents revealed the imperative need to incorporate phylogenetic and taxonomic groupings into plant stoichiometric studies. Compared with rough groupings of angiosperms and gymnosperms or plant life forms (i.e., functional groups) used in previous studies, our family-level data of leaf nutrient stoichiometry can avoid some errors originating from pooled data and provide useful parameters for large-scale modeling studies in macroecology and biogeography.
MATERIALS AND METHODS
Data sets
We established a global data set of paired leaf N and P records following strict principles. Records of paired N and P concentrations of green leaves with detailed location information were compiled in the data set. We deleted the records with the following limitations: (1) unpaired and mismatched leaf N and P concentrations, (2) no site information, (3) plants cultivated in the greenhouse, croplands or plantations, and (4) duplicated records. Finally, 4,212 records from the TRY data set (https://www.try-db.org) (Kattge et al., 2011) and 8,504 records from previous studies and our own field sampling were adopted for the data set. Leaf samples from natural forests, shrublands, and grasslands across China were collected in summers of 2000 to 2016 (Han et al., 2005; He et al., 2008; Chen et al., 2013; Yang et al., 2016; Tian et al., 2018) . Leaf N and P concentrations were denoted per leaf dry mass. The information on phylogenetic taxa for all 12,716 records in our data set was obtained using the Flora of China (http://frps.eflora.cn/), which included 204 families, 1,305 genera, and 3,420 species.
In order to explore biogeographic patterns of leaf N and P stoichiometry and climate factors, we compiled the corresponding MAT and MAP variables from the original literature. MAT and MAP data that were not provided in the original literature were estimated by extracting data from a global climatic data set (http://worldclim.org/version2) with a resolution of 0.0083×0.0083 (ca. 1 km 2 ), using locations of the original studies.
Statistical analysis
To avoid potential error induced by the sample sizes of specific families, we first used Monte Carlo methods and randomly sampled certain numbers of pairwise leaf N and P records in our data set ranging from 5 to 10,000 in increments of 1,000. We then calculated the statistical variables including geometric means, ranges, coefficients of variation (CVs), and standard errors (SEs) of leaf N and P concentrations, N:P ratios and N~P scaling relationships based on the randomly sampled records. During these analyses, we used the original values of the individual paired records. For the statistics of N~P scaling relationships, we used reduced major axis (RMA) regression (Warton et al., 2006) after log 10 transformation of the original values of N and P concentrations. Additionally, we used a likelihood ratio test to evaluate the differences between RMA regression exponents of each family and the empirical values (i.e., 2/3 and 3/4). Sample size is known to affect leaf N and P stoichiometric statistics. Therefore, determining the minimum size of samples for statistical analysis is of critical importance. Monte Carlo sampling showed that the variation in leaf N and P stoichiometric statistics decreased with an increase in sample size. When the sample size was greater than 35, the CVs of the leaf N and P concentrations and N:P ratios were below 10% (Table S3, Figures S2 and S3 in Supporting Information) . Similarly, the frequencies of significant N~P scaling relationships in 1,000 iterations increased with sample size and were higher than 90% with CV values below 15% when the sample sizes were greater than 35 (Table S4 , Figure S4A and B in Supporting Information). We thus de-termined that the families with at least 35 individual records were used for our analysis. Finally, 62 families (958 genura and 2,813 species with 11,440 records) met this criterion. All statistical analyses were performed in R 3.5.1 software (R Development Core Team, 2018) . Figure S1 Relationships between family-level N vs. P scaling exponents and (A) the specific sample size of a family and (B) the number of species within a family. 
SUPPORTING INFORMATION
Table S1
The ranges of the 62 families' distributions, including ranges of latitude, mean annual temperature (MAT) and mean annual precipitation (MAP), and the results of regression analysis (b, i.e., the regression slope) of leaf N and P concentrations and N:P ratios against MAT and MAP. Each regression relationship was statistically significant (P<0.05).
Table S2
Comparisons between exponents of reduced major axis (RMA) regression between the leaf N and leaf P concentrations of 54 families, i.e., log 10 leaf N=αlog 10 leaf P+log 10 β, and the empirical values of 2/3 and 3/4, respectively.
Table S3
The statistics of leaf N, P concentrations and N:P ratios, including their arithmetic mean (Mean), geometric means (Geomean), median, minimum and maximum values (Minimum and Maximum), standard deviation (SD), and coefficients of variation (CV) based on the randomly sampled records in different sample sizes using Monte Carlo methods. The unit of leaf N and P concentrations is mg g -1 .
Table S4
The frequencies of significant N~P scaling relationships in 1,000 iterations and coefficients of variation (CVs) of the N~P scaling exponents (ɑ), which were calculated from the randomly sampled records with different sample size using Monte Carlo methods by reduced major axis (RMA) regression between leaf N and leaf P concentrations, i.e., log 10 leaf N=αlog 10 leaf P+log 10 β.
The supporting information is available online at http://life.scichina.com and https://link.springer.com. The supporting materials are published as submitted, without typesetting or editing. The responsibility for scientific accuracy and content remains entirely with the authors.
